A magnesium (Mg)-deficient diet results in decreased serum phosphorus (P) levels and increased urinary P excretion; however, the mechanisms responsible for these effects are unclear. Fibroblast growth factor-23 (FGF-23) is a potent regulator of P homeostasis. To determine the mechanisms responsible for the change in serum levels and urinary excretion of P with Mg deficiency, the present study examined the effects of Mg deficiency on serum FGF-23 levels. Male rats were randomized by weight into two groups and fed a control diet (Mg concentration: 0.05%) or a Mg-deficient diet (Mg concentration: Mg-free) for 21 days. Serum P levels in rats fed the Mg-deficient diet were significantly lower than in rats fed the control diet. Furthermore, urinary P excretion was significantly higher in rats fed the Mg-deficient diet compared to rats fed the control diet. Conversely, the tubular reabsorption rate of P was significantly lower in rats fed the Mg-deficient diet than in the controls. Serum FGF-23 levels in rats fed the Mg-deficient diet were significantly higher than those in animals fed the control diet. The results from the present study indicate that 1) Mg deficiency increases serum FGF-23 levels; and 2) Mg deficiency causes increased urinary P excretion via inhibition of renal P reabsorption, resulting in a lowering of serum P levels. Moreover, we suggest that the high serum FGF-23 levels induced by Mg deficiency contribute to the decrease in renal P reabsorption.
Magnesium (Mg) is the second most abundant intracellular cation in vertebrates, and is an important nutrient in many fundamental biological processes. Several studies have confirmed that Mg deficiency induces changes in the homeostasis of various minerals [1, 2] . Furthermore, a number of studies have reported decreased serum or plasma phosphorus (P) levels [3] [4] [5] and increased urinary P excretion [5, 6] in rats fed an Mgdeficient diet. While these observations suggest that Mg deficiency adversely affects P homeostasis, the factors mediating the relationship between Mg deficiency and P homeostasis have not been investigated.
Fibroblast growth factor-23 (FGF-23), a novel phosphaturic factor, was identified as a causative factor in autosomal dominant, hypophosphatemic rickets [7, 8] and tumor-induced osteomalacia [9, 10] . Previous studies that examined the biological function of FGF-23 on mineral homeostasis reported that administration of recombinant FGF-23 caused a decrease in serum phosphate and an increase in renal phosphate excretion without affecting serum calcium (Ca) levels or renal Ca excretion [9, 11] . In addition, injection of recombinant FGF-23 resulted in decreased renal expression of the type II Na/Pi cotransporter [12, 13] parathyroid hormone (PTH) mRNA expression [14] and 25-hydroxyvitamin D-1␣-hydroxylase mRNA expression [13, 15] . Clearly, the bulk of evidence indicates that FGF-23 plays an important role in the regulation of P homeostasis.
Few studies have investigated the effects of Mg deficiency on P homeostasis, and the mechanism by which Mg deficiency induces changes in serum P levels and urinary excretion of P is unclear. We hypothesized that since FGF-23 is a potent regulator of P homeostasis, it may play a role in mediating the reported changes in serum P levels and urinary P excretion resulting from Mg deficiency. The present study examined the effect of Mg deficiency on serum FGF-23 levels. In addition, serum levels of other hormonal regulators of P homeostasis such as PTH and 1,25-dihydroxyvitamin D 3 (1,25(OH) 2 D 3 ) and the tubular reabsorption rate of P were assessed.
Methods and materials

Experimental animals and experimental diets
Four-week-old, male Wistar rats (Charles River Laboratories Japan, Kanagawa, Japan) were housed in individual, stainless steel wire-mesh cages. During the experimental period, cages were located in a room with controlled lighting under a 12-h light:dark cycle (light, 700-1,900 h), a temperature of 22 ± 1
• C and relative humidity of 60% to 65%. The composition of the experimental diets is shown in table 1. Experimental diets were based on the AIN-93G diet [16] , but included a modified AIN-93G mineral mix that lacked magnesium oxide. The two experimental diets contained two different Mg concentrations (control diet, 0.05%; Mg-deficient diet, Mg-free). The Mg concentration in the experimental diets was adjusted using magnesium oxide, and both diets had the same concentrations of P (0.3%) and Ca (0.5%). The Mg, P and Ca concentrations, as measured from an analysis of the experimental diets, are shown in table 1. Prior to the start of the study, all rats were acclimatized for four days during which they were given free access to the control diet and deionized water. After the acclimation period, the rats were randomly divided into two groups that had a similar mean body weight and fed either the control or Mg-deficient diet for 21 days. Rats fed the control diet were fed the mean weight of food consumed by the rats fed the Mg-deficient diet on the previous day. All animals were given free access to deionized water for the duration of the study. On the last day of the experimental period, rats were housed individually in stainlesssteel metabolic cages, and urine was collected for 24 h from each rat for analysis of minerals and tubular reabsorption rate of P. At the end of the experimental period, all rats were sacrificed, and blood was collected for analyses. The present study was approved by the Animal Use Committee of Ibaraki Christian University, and all animals were maintained in accordance with the university's guidelines for the care and use of laboratory animals.
Chemical analysis
A sample of each of the two experimental diets was ashed at 550
• C for 48 h in a muffle furnace, and minerals were extracted in 1 mol/L of HCl for analysis. Mg and Ca in the experimental diets were determined by atomic absorption spectrophotometry (AA-6200; Shimadzu, Tokyo, Japan) [17] . The P in the experimental diets was analyzed colorimetrically according to the method of Gomori [18] . 2 Vitamin D ELISA Kit (Immundiagnostik AG, Bensheim, Germany), and FGF-23 ELISA Kit (Kainos Inc., Tokyo, Japan), respectively. P and creatinine in serum, and mineral and creatinine in urine were determined using an autoanalyzer (Hitachi 7180; Hitachi High-Technologies, Tokyo, Japan). The tubular reabsorption rate of P was calculated as :
1 -(urinary P × serum creatinine) (serum P × urinary creatinine) × 100
Statistical analysis
Results are presented as means ± SD. After conducting an F-test to determine the homogeneity of variances, Student's t-test was used to determine significant differences between the two groups. If the homogeneity of variances was not equal, Welch's t-test was used instead of Student's ttest. Differences were considered significant at p<0.05.
Results
Body weight
Body weights are shown in table 2. Despite being pair-fed, the final mean body weight of rats fed the Mg-deficient diet was significantly lower than that of rats fed the control diet. Table 2 . Body weights of rats fed the control and Mg-deficient diet.
Control diet
Mg-deficient diet Initial body weight (g) 105.2 ± 4.7 105.6 ± 3.9 Final body weight (g) 219.1 ± 4.9 194.2 ± 11.4* Values are means ± SD, n = 6 per group. * Significantly different from the control diet (p<0.05).
Serum levels and urinary excretion of Mg and Ca
Mg and Ca levels in serum and urine are shown in table 3. Serum Mg levels in rats fed the Mgdeficient diet were significantly lower than in rats fed the control diet. Conversely, serum Ca levels were significantly higher in rats fed the Mgdeficient diet than in rats fed the control diet. Urinary excretion of both Ca and Mg was significantly lower in rats fed the Mg-deficient diet compared to the controls.
Serum levels, urinary excretion and tubular reabsorption rate of phosphorus
Serum P levels, urinary P excretion and tubular reabsorption rate of P are shown in table 4 . Serum P levels in rats fed the Mg-deficient diet were significantly lower than those of rats fed the control diet, whereas urinary P excretion was significantly higher in rats fed the Mg-deficient diet Table 4 . Serum levels, urinary excretion and tubular reabsorption rate of P in rats fed the control and Mg-deficient diet. compared to the controls. The tubular reabsorption rate of P was significantly lower in rats fed the Mg-deficient diet than in rats fed the control diet. 
Control diet
Mg-deficient diet
Serum levels of PTH, 1,25(OH) 2 D 3 and FGF-23
Discussion
Previous reports found a decrease in serum or plasma P levels and increase in urinary P excretion induced by Mg deficiency [3] [4] [5] [6] , and suggested that Mg deficiency has potential adverse effects on P homeostasis. The mechanisms responsible for these observed changes in P levels induced by Mg deficiency however, remain unclear. Since FGF-23 is an essential regulator of P homeostasis, the present study investigated the effects of Mg deficiency on serum FGF-23 levels.
Our findings of the effects of Mg deficiency on serum P levels and urinary P excretion corroborate findings from previous studies [3] [4] [5] [6] that demonstrated that Mg deficiency affects P homeostasis. In the kidney, a significant organ in the regulation of P homeostasis, approximately 80% of the filtered P is reabsorbed in the proximal tubule. Thus, renal P reabsorption is associated with urinary P excretion. We therefore examined the effects of Mg deficiency on tubular reabsorption of P and showed that the tubular reabsorption rate of P was decreased in rats fed the Mgdeficient diet. Based on these findings, we suggest that Mg deficiency leads to increased urinary P excretion via inhibition of P reabsorption in the proximal tubules, resulting in a lowering of serum P levels. One mechanism by which Mg deficiency may lead to impaired renal P reabsorption is through the reduction of renal type II Na/Pi cotransporter expression in the kidney. It is known that renal type II Na/Pi cotransporter determines P reabsorption in the proximal tubules, and this is regulated by FGF-23 [19] . Segawa et al. [12] and Inoue et al. [13] showed that an injection of recombinant FGF-23 induced a reduction in renal Na/Pi cotransport activity and type II Na/Pi cotransporter protein levels in the kidney. Furthermore, other studies have reported that the expression of the type II Na/Pi cotransporter was suppressed by FGF-23 [15, 20] . Consequently, in our study, we determined serum FGF-23 levels in rats fed the Mg-deficient diet. Serum FGF-23 levels were markedly increased in rats fed the Mg-deficient diet, indicating that Mg deficiency enhances serum FGF-23 levels. Based on our findings, we conclude that the impaired renal P reabsorption brought about by Mg deficiency may be due to the observed reduction in the expression of the renal type II Na/Pi cotransporter induced by an increase in serum FGF-23 levels. PTH has been reported to be a major regulator of renal proximal tubular P reabsorption through effects on the regulation of renal type II Na/Pi cotransporter expression [21] [22] [23] . In the present study, however, serum PTH levels were not increased in rats fed the Mg-deficient diet, indicating that PTH might not be the main factor that mediates inhibition of renal P reabsorption induced by Mg deficiency.
Despite its physiological importance, regulation of serum FGF-23 levels is not fully understood. In clinical studies, serum FGF-23 levels were shown to be increased in patients with primary hyperparathyroidism compared to control subjects and levels of FGF-23 correlated positively with serum PTH levels [24] . Moreover, Kobayashi et al. reported that the increased serum FGF-23 levels seen in patients with primary hyperparathyroidism were decreased by parathyroidectomy operations [25] [26, 27] . In the present study, however, serum PTH levels were not increased and serum 1,25(OH) 2 D 3 levels were decreased in rats fed the Mg-deficient diet. These data indicate that the observed increase in serum FGF-23 levels in rats fed the Mg-deficient diet is not due to the increases in serum PTH and 1,25(OH) 2 D 3 levels. At present, the mechanism for increased serum FGF-23 levels induced by Mg deficiency remains unclear. Further studies are needed to elucidate the relationship between Mg deficiency and serum FGF-23.
The decrease in serum 1,25(OH) 2 D 3 levels in rats fed the Mg-deficient diet in the present study may be explained by increased serum FGF-23 levels. In previous studies, an injection of FGF-23 resulted in decreased renal 25-hydroxyvitamin D 1␣-hydroxylase mRNA levels and increased mRNA levels of renal 25-hydroxyvitamin D 24-hydroxylase [13, 15] . We suggest, therefore, that Mg deficiency causes an increase in serum FGF-23 levels, leading to reduced circulating levels of 1,25(OH) 2 D 3 .
In conclusion, it has been reported that Mg deficiency results in decreased serum P levels and increased urinary P excretion. To address the mechanisms responsible for these observations, we examined the effect of Mg deficiency on serum FGF-23 levels. The results from this study indicate that 1) Mg deficiency increases serum FGF-23 levels; 2) Mg deficiency leads to increased urinary P excretion via inhibition of renal P reabsorption, resulting in the lowering of serum P levels. Furthermore, our study suggests that Mg deficiency causes an increase in serum FGF-23 levels that contributes to the decrease in renal P reabsorption.
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